Summary Exposure to oxygen deprivation in vitro has been reported to cause drug resistance in CHO cells (Rice et al., 1986; PNAS 83, 5978) and enhancement of experimental metastatic (colonisation) ability of murine tumour cells (Young et al., 1988; PNAS 85, 9533 
and enhancement of experimental metastatic (colonisation) ability of murine tumour cells (Young et al., 1988; PNAS 85, 9533) . Both these studies also demonstrated the induction of a subpopulation of cells with excess DNA content. Since the micromilieu in tumours results in exposure of the tumour cells to conditions of acid pH and nutrient deprivation, as well as hypoxia, we have examined the effect of exposure to acidosis (pH 6.5) and glucose starvation on drug resistance, cellular DNA content and the experimental metastatic ability of KHT sarcoma and B16F1 melanoma cells. Cells were exposed to these conditions for 24 and 48 h and tested for resistance to methotrexate (MTX) (Hill, 1987) . Whereas a small locally growing tumour is potentially curable by surgical removal or radiotherapy, patients with disseminated disease require systemic therapy usually in the form of chemotherapy. Some tumour entities such as testicular, small cell lung, ovary, and mammary cancer are initially responsive to chemotherapy but eventually develop drug resistance (Tannock, 1987) . Therefore, the capacity of tumour cells to disseminate in the host and become drug resistant is a major obstacle to therapeutic management. We have been interested in how the tumour microenvironment might influence these cellular properties.
It has been known for some time that in solid tumours regions at a distance from functional vasculature may become necrotic as a result of poor nutrient supply and of poor catabolite removal (Groebe & Vaupel, 1988; Vaupel et al., 1989) . Furthermore, there is strong evidence for the presence of hypoxic cells in tumours (Hill, 1987) . These cells are less radiosensitive than well oxygenated cells and a recent clinical study (Gatenby et al., 1988) has demonstrated a correlation between measured oxygen levels in tumours and the response of the tumours to radiation therapy. It is also documented that hypoxic cells respond less well to some chemotherapeutic agents, both in vitro (Smith et al., 1980; Born & Eichholtz-Wirth, 1981) and in vivo (Hill & Stanley, 1975; Tannock, 1982) .
Recently, Rice et al. (1986) Young & Hill (1990a) investigated the consequences of transient oxygen deprivation in terms of the metastatic potential of murine tumour cells. Using three murine tumour cell lines (KHT, SCCVII and B16F1O) they found that transient hypoxia enhanced the metastatic potential and that this was associated with the generation of a subpopulation of overreplicated cells. Although this association is not specific, it is consistent with the finding that abnormal cellular DNA content can be associated with a reduced life expectancy in a number of human cancers (Cornelisse et al., 1987; Zimmermann et al., 1987; Armitage et al., 1985; Fordham et al., 1986; Cooke et al., 1990) . It can be argued that overreplicated cells may give rise to cells with amplified genes that code for metastasis-relevant products (Ling et al., 1985) since it has been shown that cells resistant to MTX or doxorubicin due to amplification to the genes coding for DHFR or p-glycoprotein respectively were derived from overreplicated cells (Rice et al., 1987) .
The micromilieu of a solid tumour is not only characterised by hypoxia. As a result of lactic acid production and hydrolysis of ATP the pH in tumours is found to be acidic (range: 5.8-7.5 in rodents and 5.85-7.68 in humans) and generally lower than in surrounding normal tissue (mean subcutis value for man, rats, and dogs is: 7.5, 7.4 and 7.3 respectively, Tannock & Rotin, 1989; Wike-Hooley et al., 1984) . Studies on the influence of pH on the radiation response of cells show a slightly decreased radiation sensitivity towards lower extracellular pH (Wike-Hooley et al., 1984) . The cytotoxic action of doxorubicin (Born & EichholtzWirth, 1981) and mitoxantrone (Jahde et al., 1990) is also reduced at low extracellular pH whereas the cytotoxicity of cyclophosphamide increases at reduced pH (Jahde et al., 1989) . The observation that the ability of collagenase to disaggregate a solid metastasising lymphosarcoma increases with reduced environmental pH has been used to implicate low pH in metastasis (Turner, 1979) .
In vivo neoplastic tissues utilise a large quantity of glucose. This is evidenced by the observation that the normal sub-cutaneous interstitial fluid of rats contains 90-l10 mg glucose per 100ml (plasma levels: 135-160mgml-') whereas the interstitial fluid of Walker carcinomas was found to contain only between 0 and 5 mg glucose per ml (Gullino et al., 1967) . Thus, apparently all glucose passing through the tumour vascular wall is rapidly utilised by neoplastic cells.
Recently, Kallinowski et al. (1988) reported extended areas of very low glucose concentrations in a human breast cancer xenograft as assessed by metabolic imaging with bioluminescence and photon counting (Mueller-Klieser et al., 1988) .
In this project we were interested to investigate whether these other stress conditions (acidosis and glucose starvation), to which tumour cells may be exposed, have an influence on tumour progression. Using two murine tumour cell lines (KHT and B16FI) we found that transient glucose starvation and acidosis can cause a marked enhancement in experimental metastases and overreplication of cellular DNA.
Materials and methods

Cells
KHT C2 LP1 and B16F1 cells were routinely cultivated in alpha MEM medium (a-MEM, Gibco, Grand Island, NY, USA) containing 0.1 g 1' penicillin and 0.1 g 1' streptomycin and supplemented with 10% foetal bovine serum (FBS, Gibco). They were incubated in humidified air containing 5% CO2 at 37°C. The origin of the KHT C2 LP1 cell line has been described previously (Young & Hill, 1986) Acidosis Alpha MEM medium containing either 25 mM NaHCO3 or 25 mM Hepes was prepared and the desired pH of 6.5 obtained by mixing Hepes and NaHCO3 containing medium as described by Newell and Tannock (1989) . Medium was supplemented with 10% FBS and 0.1 mM hypoxanthine and 0.1 mM uridine as described by Pouyssegur et al. (1984) for HCO3-free medium. The pH, measured using a PHM 82 Standard pH meter (Radiometer, Copenhagen, Denmark) following calibration with certified reference buffer solutions (Fisher Scientific, Farr Lawn, New Jersey, USA), was found to remain essentially constant during cell exposure, i.e. a 48 h incubation of cells only resulted in an increase in pH -between 0.1-0.2 pH units.
2-Deoxyglucose Cells were exposed to alpha MEM medium (supplemented with 10% FBS) containing 10 mM 2-deoxyglucose (Sigma Chemical Company, St. Louis, MO). Table I shows the experimental design used for all three treatments (acidosis, glucose starvation and 2-deoxyglucose). This design was chosen based on the experience with transient exposure of cells to hypoxia which showed maximal enhancement of metastatic potential following 24 and 48 h of hypoxia plus 18 h recovery (Young et al., 1988 Flow cytometry Storage and staining of cells For assessment of DNA content the cells were fixed and stored in 70% methanol at 4°C for 2-4 weeks before being stained with mithramycin. Mithramycin (100 jig ml-') was dissolved in 25% ethanol containing 15 mM MgCl2. Immediately prior to analysis, the cells were centrifuged, the supernatant methanol discarded and cells resuspended in mithramycin solution as described by Crissman and Tobey (1974) .
Experimental design
Analysis Analysis was carried out on an Epics V flow cytometer (Coulter Electronics, Hialeah, FL) operating at a laser power of 150 mW and at an excitation wavelength of 457 nm. Green fluorescence (a measure of DNA content), collected with a 525 band-pass filter, and forward angle light scatter (an estimate of cell size) were acquired in list mode for 20,000 cells per sample. Animals Unless otherwise stated female syngeneic C3H/CRL mice were used for KHT C2 LP1 cells and C57B1/CRL mice for B16F1 cells. Mice were supplied by Charles River Canada Inc. (St Constant, Quebec) and kept in the animal colony of this Institution at a 12 h light and 12 h dark cycle. Mice were allowed food and water ad libitum and were used in experiments at a mean body weight of 20 g.
Metastases
The experimental metastatic ability of the cells was tested by injecting 5 x 104 cells (unless otherwise stated) into the lateral tail vein of groups of 6-7 mice. At 21 or 23 days after tumour cell injection the animals were killed by cervical dislocation or CO2 asphyxiation, the lungs were removed and fixed in Bouin's solution. The number of surface lung metastases was counted with the aid of a dissecting microscope as previously described (Young & Hill, 1986; 1990a,b; Young et al., 1988) .
Data analysis
The data was analysed using Minitab (Minitab Inc., State College, PA) and SAS statistics (SAS Institute Inc, Cary, NC). The groups of an experiment were first compared with the Kruskal-Wallis test and when a significant difference with alpha,< 0.05 was found, the treatment groups were compared with the control group using the Mann-Whitney U test (Kvanli, 1988) .
Results
Metastases
The effect of exposure to acidosis and to glucose starvation on the experimental metastatic potential of KHT and B16F1 cells is shown in Tables II and III, respectively. Acidosis caused an increase in the number of KHT lung metastases when cells were allowed to recover from acidosis before injection. The effect was greatest for treatment groups E and F (i.e. 24 and 48 h following 48 h of acidic exposure). For B16F1 cells, the results were similar with marked increases in groups E and F. Glucose starvation resulted in an enhancement of KHT metastatic ability following all exposure schedules. However, the effect was greatest for groups D-F. B16F1 cells also demonstrated an increase in metastasis formation in all treatment groups. The effect was greatest for group E, i.e. 24 h after a 48 h glucose starvation period. There is some variability in the number of metastases observed in the two control groups (Al and A2), particularly for the experiments involving exposure to acidosis. These differences were not consistent but, because of them, significance testing was done vs the two control groups independently when a significant difference between Al and A2 was observed. These differences in the control groups do not affect the conclusion from these experiments that an increase in metastasis formation is seen, particularly in groups E and F.
Influence ofglucose starvation and acidosis on cell growth and plating efficiency Cell growth Figure 1 shows the number of cells recovered from the growth flasks as a function of time after initiation of the cultures for the two cell lines and the two treatments.
Cells were seeded at a density of 1.25 x 104 per cm2 (106 Plating efficiency (PE) Figure 2 shows PE for cells from the various treatment groups for both cell lines. Acidosis caused a significant reduction in PE in group D and F of KHT cells and in groups E for B16F1 cells. Glucose starvation only significantly reduced plating efficiency in group D of KHT cells. Therefore, for these groups the increase in experimental metastatic efficiency, EME (i.e. the number of lung colonies per clonogenic cell injected) for the various treatment groups is greater than the observed increases in number of lung metastases.
Flow cytometry Dual parameter contour plots of forward angle light scatter as a function of fluorescence intensity for B16F1 cells are shown in Figure 3 . Following glucose starvation groups C, E and F showed small increases in cell size as estimated by forward angle light scatter. However, there is no indication of a fraction of cells with increased DNA content. In contrast, the same plot for KHT cells, as shown in Figure 4 , exhibited a marked increase in the number of cells with more than G2/M DNA content in groups E and F for glucose starvation and in groups C, E, F and G following acidic exposure.
To estimate the proportion of cells with overreplicated DNA we placed a marker in the histogram of the control group Al such that 2-3% of cells were to the right of the marker. This percentage is the background proportion of cells with excess DNA content for this cell line as has been reported previously (Young & Hill, 1990b Mean±s.e. of four experiments. * denotes significant (P<0.05) difference compared with the control group (Al).
in Table IV . Glucose starvation induced 12.6% of cells to overreplicate their DNA in group E and 10.4% in group F. Repeat analysis of the same samples gave values of 11.4% and 8.8% respectively. Following acidosis the proportion of overreplicated cells was 18.3% for group E and 17.8% for group F. From the histograms it is also apparent that after both treatments the overreplicated cells were somewhat large in size. Results from analysis of separate experiments gave a similar pattern showing increases in the proportion of overreplicated cells in groups E and F (glucose, A 3%, E 8%, F 14%; acidosis, A 2%, E 6%, F 8%).
Methotrexate exposure
The relative plating efficiency of KHT cells as a function of the dose of MTX into which they were plated is shown in Figure 5 . Acidosis appears to cause a small increase in MTX resistance in all the treatment groups whereas glucose starvation left MTX response unaffected.
2-Deoxyglucose
Since both glucose starvation and acidosis (Whelan & Hightower, 1985) are known to induce the expression of glucose regulated stress proteins, we also 
Discussion
It is well documented that the micromilieu of a solid tumour contains areas of low oxygen tension (Thomlinson & Gray, 1955; Tannock, 1972; Gray et al., 1953; Hill & Bush, 1977; Gatenby et al., 1985) cells to acidosis which also resulted in a relatively large proportion of KHT cells (14-18%) with overreplicated DNA did lead to a small increase in MTX resistance. The extent of this resistance was not, however, obviously correlated with the proportion of cells with excess DNA content. The increase in metastatic ability which we observed for both glucose starvation and acidosis was dramatic for KHT and B16F1 cells. We obtained increases in the number of metastases as high as 30-fold for KHT cells following 48 h of acidosis plus 48 h recovery in normal medium and up to 29-fold for 48 h of glucose starvation plus 24 h recovery. In a previous study it was found that for KHT cells 48 h of hypoxia followed by 18 h reaeration increased the number of metastases by about 50-fold while for B16FIO cells there was a 4-fold increase following 18 h of hypoxia and 18 h of reaeration (Young et al., 1988) . Our results, therefore, suggest that acidosis and glucose starvation can enhance the metasatic potential of KHT cells to a similar extent as observed following hypoxic exposure.
Because of the large increases in the number of metastases observed for KHT cells we decided to use B16F1 cells instead of B16F10 cells which were employed in the previous hypoxia study (Young et al., 1988) . However, the increases observed for B16F1 cells were even greater than for KHT cells (as high as 38 and 69-fold for acidic treatment and glucose starvation, respectively). Therefore, despite some variability in the results for group F we believe that the data demonstrate that during a 24-48 h recovery period from acidosis or glucose starvation a marked increase in metastatic ability occurs. The experiments were designed with the experience with hypoxia in mind which showed the greatest enhancement in metastatic potential after a 12-24 h recovery period (Young et al., 1988) . The determination of the exact time course of the effect for the present studies, however, would have to be subject of a more extensive study using smaller time segments.
The large increases in B16F1 metastases occurred despite the absence of any DNA overreplication, suggesting that DNA overreplication may not be a prerequisite for enhanced metastatic potential. This notion is also supported by findings of a recent study where cells isolated from hypoxic regions of murine tumours in situ and reoxygenated in vitro showed an increased lung colonisation ability in the absence of DNA overreplication (Young & Hill, 1990a,b) .
Glucose starvation and acidosis both caused some cell cycle perturbations in B16F1 and KHT cells (data not shown). However, the changes in metastatic potential associated with differences in cell cycle position are small (between 0.5 to 2-fold for KHT cells) compared to those observed here (Young & Hill, 1990a (Young et al., 1988) . A possible link between these observations is that all three conditions are known to induce a set of stress proteins, the so-called glucose regulated proteins (Shen et al., 1987; Whelan & Hightower, 1985) . These cellular proteins were first noted in virally transformed cells and later found to be also induced by glucose starvation of cells . During the recovery from anoxia and glucose starvation but not following low pH (Whelan & Hightower, 1985) cells repress glucose regulated proteins and induce the major heat shock proteins (Sciandra & Subjeck, 1983; Sciandra et al., 1984) . Although not much is known about the function of stress proteins, the fact that cells induce these proteins in response to certain environmental stresses suggests that they may play a role in assisting cells to cope with such adverse situations (Subjeck & Shyy, 1986; Pelham, 1986; Lee, 1987; Welch, 1987) . In the context of metastases it therefore would be conceivable that stress proteins might help tumour cells to better withstand the trauma associated with being in the bloodstream.
Consequently we examined the possible role of stress proteins by treatment of cells with the glucose derivative 2-deoxyglucose. This compound, like glucose starvation, has been shown to induce glucose regulated proteins and upon its removal cells repress glucose regulated proteins and induce the major heat shock proteins (Shen et al., 1987) . We found that immediately following 24 or 48 h of 2-deoxyglucose treatment metastatic efficiency was not affected. However, during the 24-48 h recovery period a small but significant increase in metastatic efficiency was observed. This increase, however, was much smaller than that observed for cells recovering from glucose starvation and acidosis. Presumably because of the potential for clinical use of hyperthermia, a number of investigators in the past have asked the question whether heat treatment, which is associated with induction of heat shock proteins, leads to an increased metastatic potential. Although the outcome of these studies is equivocal it is generally believed that hyperthermia does not enhance the metastatic potential of tumour cells but rather decreases metastatic tumour burden (Tomasovic & Welch, 1986) .
The increases in metastatic potential we observed following transient glucose starvation or acidosis are presumably related to alterations in the cells' ability to successfully complete one of the steps in the metastatic process. In the experimental metastasis assay the tumour cells are injected intravenously. They thus have to survive in the bloodstream, adhere to endothelial cells in the target organ and extravasate, which involves adhesion to and proteolysis of extracellular matrix proteins and the capability of cells to move. Cells recognise binding sites in extracellular matrix proteins with specific receptors and the laminin receptor was one of the first representatives of that class of receptors that was recognised for its role in tumour cell adhesion (Liotta, 1986 (Liotta, 1986; Sloane et al., 1982; Denhardt et al., 1987; Garbisa et al., 1987; Ossowski & Reich, 1983) . Evidence that motility of tumour cells is stimulated by an autocrine factor was provided by Liotta et al. (1986) who described a protein secreted by human melanoma cells that stimulated cell movement. Proliferation in the target organ is thought to be mediated by organ specific mitogens (Horak et al., 1986; Yamori et al., 1988) and Nicholson (1989, 1990) recently reported the characterisation of a lung derived paracrine growth factor that stimulated the in vitro growth of lung-metastasising tumour cells. Which of these factors is influenced by exposure of the tumour cells to acidosis or glucose starvation is currently not known, but it has been reported recently that fibroblasts exposed to hypoxia are induced to produce cathepsin L and a cellular adhesion protein (Anderson et al., 1989) .
The present results, however, lend support to our previous studies (Young et al., 1988; Young & Hill, 1990a,b) which suggested that the microenvironment to which tumour cells may be exposed can cause progression in terms of metastatic potential. Following the demonstration that three hallmarks of the tumour microenvironment, hypoxia, glucose starvation, and acidosis, can cause an enhancement of metastatic potential it is now important to identify the underlying mechanism(s) in order to direct the development of strategies for therapeutic approaches.
